The model organism Escherichia coli codes for at least 11 type II toxin-antitoxin (TA) modules, all implicated in bacterial persistence (multidrug tolerance). Ten of these encode messenger RNA endonucleases (mRNases) inhibiting translation by catalytic degradation of mRNA, and the 11th module, hipBA, encodes HipA (high persister protein A) kinase, which inhibits glutamyl tRNA synthetase (GltX). In turn, inhibition of GltX inhibits translation and induces the stringent response and persistence. Previously, we presented strong support for a model proposing (p)ppGpp (guanosine tetra and penta-phosphate) as the master regulator of persistence. Stochastic variation of [(p)ppGpp] in single cells induced TA-encoded mRNases via a pathway involving polyphosphate and Lon protease. Polyphosphate activated Lon to degrade all known type II antitoxins of E. coli. In turn, the activated mRNases induced persistence and multidrug tolerance. However, even though it was known that activation of HipA stimulated (p)ppGpp synthesis, our model did not explain how hipBA induced persistence. Here we show that, in support of and consistent with our initial model, HipA-induced persistence depends not only on (p)ppGpp but also on the 10 mRNase-encoding TA modules, Lon protease, and polyphosphate. Importantly, observations with single cells convincingly show that the high level of (p)ppGpp caused by activation of HipA does not induce persistence in the absence of TA-encoded mRNases. Thus, slow growth per se does not induce persistence in the absence of TA-encoded toxins, placing these genes as central effectors of bacterial persistence. 
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bacterial persistence | (p)ppGpp | toxin-antitoxin | HipA | single-cell analysis B acterial persistence (multidrug tolerance) is caused by rare cells of a clonal bacterial population surviving the lethal action of antibiotics. As opposed to resistance, persistence is a noninherited, metastable phenomenon in which the cells have transiently entered a physiological state that renders them tolerant to antibiotics. Since their original discovery by Joseph Bigger working with Staphylococcus aureus (1), persister cells have been observed with all bacteria tested, including major pathogens such as Mycobacterium tuberculosis, Pseudomonas aeruginosa, and Salmonella enterica. That several antibiotics were particularly active against growing cells originally suggested that persisters are cells that have entered a state of low metabolic activity, referred to as dormant or slow-growing cells (2) .
Bacterial persistence has been implicated in recurrent and chronic infections (3) (4) (5) (6) , and it is therefore important to understand the underlying molecular mechanisms. Previous analysis of a high persistence (hip) mutant of Escherichia coli indicated that persisters are generated by antibiotic-independent stochastic switching from a rapidly growing, drug-sensitive state to a slowgrowing, insensitive state (7). More recently, we established that persisters also arise stochastically in wild-type (WT) E. coli cell cultures (8) . Cytological analyses confirmed that indeed slowgrowing persister cells formed stochastically within rapidly growing bacterial cultures (7, 8) . These observations are consistent with the view that persistence is a genetically evolved bet-hedging strategy enabling bacteria to survive unpredictable stress (9-11). Importantly, persisters also form stochastically in stationary bacterial cultures and within biofilms and with much higher frequencies (8, 12) .
The first hip mutation of E. coli, called hipA7, defined the hipA (high persister protein A) gene (13) . Later analyses showed that hipA encodes the toxin of the type II hipBA toxin-antitoxin (TA) locus (14) (Fig. 1A) . The hipA7 allele resulted in two amino acid changes in HipA and triggered a dramatic 100-1,000-fold increase in persistence. Interestingly, HipA exhibits similarity to eukaryotic serine/threonine kinases and efficiently inhibited cell growth and thereby provoked a bacteriostatic, drug-tolerant condition that could be reversed by HipB antitoxin (15) . The direct inhibition of HipA by HipB and the weakened interaction between HipB and HipA7 readily explained the hipA7 phenotype, as it would lead to hyperactivation of HipA and thereby increase the persister cell level (16, 17) .
In addition to hipBA, E. coli K-12 has 10 type II TA genes (Fig. 1A) , and numerous observations indicated that these TA genes function as inducers of persistence (18) (19) (20) (21) (22) (23) . The 10 additional TA modules all encode mRNases (also called mRNA interferases) that inhibit translation and induce a static, drug-tolerant condition from which the cells could be resuscitated by the subsequent induction of cognate antitoxin-encoding genes (20, 22, (24) (25) (26) . Importantly, sequential deletion of the 10 TA modules was associated with a corresponding gradual decline in the persister cell level, revealing a strong positive correlation between the number of type II TA genes and the persistence level (20) .
It has been of considerable interest to understand the molecular mechanism behind HipA-mediated persistence, not only Significance Bacteria produce persister cells that are tolerant to multiple antibiotics because they are hibernating in a dormant state in which the antibiotics cannot eradicate them. Persisters can thus survive after drug treatment of infections and cause relapse of disease. The formation of persister cells depends on the ubiquitous bacterial regulatory nucleotides tetra and penta-guanosine phosphate [(p)ppGpp] that activate inhibitors of cell growth. One such inhibitor, HipA (high persister protein A), is an enzyme that halts translation by inhibiting glutamyl tRNA synthetase, an essential tRNA charging enzyme. Here we show that, surprisingly, HipA-induced persistence depends on (p)ppGpp-mediated activation of yet other inhibitors of translation that catalytically degrade messenger RNA. This discovery expands our mechanistic insight into the common and important phenomenon of bacterial multidrug tolerance.
because hipA was the first "persister" gene discovered but also because of the strong phenotype of the hipA7 allele. We and others recently discovered that HipA inactivates glutamyl tRNA synthetase (GltX) by phosphorylation (27, 28) . The resulting increased concentration of uncharged tRNA Glu activated (p)ppGpp (guanosine tetra and penta-phosphate) synthesis by RelA [(p) ppGpp synthetase I] (27, 28) . In turn, the high level of (p) ppGpp dramatically increased the persistence level (27) .
Previously, we presented strong evidence for a model linking (p)ppGpp to persistence (8, 29) . The model, shown in Fig. 1B (left part), proposed that stochastic, single-cell variation of the level of (p)ppGpp induced slow growth, drug tolerance, and persistence. We further revealed that (p)ppGpp activated the toxins encoded by type II TA genes and that this activation resulted in inhibition of translation and slow growth. The signal from (p)ppGpp to the TA genes was conveyed by Lon and polyphosphate [Poly(P)]: (p)ppGpp competitively inhibited exopolyphosphatase (PPX), the cellular enzyme that degrades Poly(P) (30) . The resulting accumulation of Poly(P) activated Lon protease to degrade type II antitoxins of E. coli K-12. In turn, the subsequent activation of the corresponding toxins inhibited cell growth and induced persistence.
Here we investigate the molecular mechanism underlying HipAinduced persistence. We show that persistence triggered by ectopic production of HipA depends on (p)ppGpp, whereas persistence triggered by ectopic production of mRNases occurs independently of (p)ppGpp. Surprisingly, we find that the (p)ppGpp level caused by HipA expression cross-activates the TA-encoded mRNases. Consistent with our previously proposed model (8), we show that HipA-mediated transactivation of mRNases depends hierarchically on (p)ppGpp, Poly(P), and Lon protease. Interestingly, activation of HipA halted cell growth of both a WT strain and a strain lacking the 10 TA-encoded mRNases but induced persistence only in the former strain. These results show that slow growth per se is not sufficient to induce persistence and that TAencoded mRNases function as essential inducers of persistence. Finally, we show that a strain carrying the hipA7 allele produces persisters by stochastic induction of high levels of (p)ppGpp with an increased frequency, thereby lending further support to the previously proposed stochastic mechanism underlying bacterial persistence.
Results
HipA but Not RelE, MazF, or YafO Triggers (p)ppGpp Synthesis. Previously, we and others established that persistence mediated by HipA correlates with the activation of the stringent response (27, 28, 31) . Indeed, (p)ppGpp sharply increased by over 10-fold after hipA induction ( Fig. 2A and Fig. S1A , lanes 5-8). Concomitantly we observed a 250-fold increase in persister cell fraction (Fig.  2B ). However, hipA expression failed to induce persistence in a ΔrelA strain (Fig. 2B) (27) . Moreover, HipA also failed to induce (p)ppGpp synthesis in a ΔrelA strain (31), consistent with the fact that HipA-mediated persistence indeed depends on the activation of the stringent response in E. coli (27, 28, 31) .
When expressed ectopically, all TA-encoded mRNases induce persistence (19) (20) (21) (22) . To test if mRNase-induced persistence depended on the stringent response, we monitored the (p)ppGpp levels after expression of three representative mRNases: RelE, YafO, and MazF. RelE and YafO cleave mRNA positioned at the ribosomal A site (26, 32) , whereas MazF cleaves RNA sitespecifically and independently of the ribosomes (33) . As shown in Fig. 2A , none of these toxins triggered (p)ppGpp synthesis (Fig. S1A, lanes [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . Moreover, the persistence levels conferred by ectopic expression of relE, mazF, and yafO were not significantly affected by deletion of relA (Fig. 2B) . These results showed that HipA specifically required (p)ppGpp to induce persistence and, importantly, raised the possibility that HipA induced persistence by cross-activating TA modules known to be activated by (p)ppGpp (8) .
These observations also raised the possibility of DksA being involved in HipA-mediated persistence because (p)ppGpp and DksA affected RNA polymerase activity synergistically (34) (35) (36) . However, HipA still supported high persistence in a ΔdksA strain (Fig. S1B) . Consistently, deletion of dksA did not reduce the persistence level of a strain containing the hipA7 allele (Fig. S2A) . Ribosome-dependent and -independent mRNase-encoding TA modules are shown in green and blue, respectively. The serine/threonine kinase-encoding hipBA locus is shown in red. In the model (B), free HipA phosphorylates GltX and the resulting inhibition of Glu-tRNA Glu increases the rate of uncharged tRNA Glu loading at the A site of the ribosome and triggers RelA-dependent (p)ppGpp production. Then (p)ppGpp competitively inhibits PPX, the cellular enzyme that degrades Poly(P). In turn, Poly(P) is synthesized by polyphosphate kinase (PPK) and stimulates Lon to degrade the 11 type II antitoxins (including HipB), thereby activating the mRNases that inhibit translation and cell growth and induce persistence. Thus, activation of HipA generates a feed-forward loop that theoretically should lock the cells in a state with a high level of (p)ppGpp. However, such a locked state has never been observed experimentally and may be overcome by the ability of HipA to inactivate itself by intermolecular phosphorylation (40) , as indicated in B by a line that points back to HipA. The arrow emerging from RelA and pointing back to RelA indicates a positive feedback loop in which (p)ppGpp activates further (p)ppGpp synthesis (47) . This positive feedback may contribute to the observed stochasticity in the variation of (p)ppGpp in single cells (8) Broken arrows indicate the possible signaling pathway that by positive feed forward would lock the cells in a state of a permanent high level of (p) ppGpp and therefore constantly activate HipA and TA-encoded mRNases, whereas unbroken arrows indicate the signaling pathway leading to persistence as described previously.
These results show that HipA-mediated persistence does not depend on DksA.
HipA-Mediated Persistence Depends on TA Modules, Lon, and
Polyphosphate. The finding that (p)ppGpp is the master regulator of persistence predicted that HipA-induced persistence should depend also on Poly(P), Lon, and TAs. To test this, we overexpressed HipA in a strain lacking the 10 TA modules coding for mRNases (20) . As shown in Fig. 3 , overexpression of HipA failed to induce high persistence in the Δ10TA strain. A similar result was obtained when the hipA7 allele was introduced into the Δ10TA strain (Fig.  S2A ). In contrast, RelE, MazF, YafO, YoeB, MqsR, ChpB, HicA, and YhaV toxins all induced high persistence when overexpressed in the Δ10TA strain at a level similar to that of the WT strain ( Fig.  3 and Fig. S2B ). These results strongly support that HipA-mediated high persistence depends on cross-activation of the other type II TA loci via the (p)ppGpp-controlled signaling pathway. To be consistent with our model, the HipA-induced (p)ppGpp synthesis ( Fig. 2A) and persistence (Fig. 2B) should depend on Poly(P) and Lon (Fig. 1B, left part) . (Fig. 3) . Moreover, the hipA7 allele also failed to induce high persistence in these two genetic backgrounds (Fig. S2A) . In contrast, RelE, MazF, and YafO increased persistence in the absence of Poly(P) or Lon (Fig. 3) . Taken together, these results show that HipAmediated persistence depends hierarchically on (p)ppGpp, Poly(P), Lon, and TAs.
The hipA7 Allele Increases the Frequency of (p)ppGpp "ON" Cells.
Previously, we established an rpoS::mcherry translational fusion as a reliable proxy of the (p)ppGpp level in single cells and showed that the RpoS-mCherry ON cells were persisters (8) 
In a different approach, we turned to the hipA7 allele that has a 100-1,000-fold increase in persistence (13) (Fig. S2A ) due to a reduced interaction between HipB and HipA7 (16, 17) . The above results predicted that the hipA7 allele increased persistence by increasing the frequency of cells with a high level of (p)ppGpp. To test this inference, we measured the frequency of RpoS-mCherry ON cells in a hipA7 strain carrying the rpoS:: mcherry fusion. Indeed, statistical analysis of more than 100,000 cells showed that the frequency of ON cells was 20-fold elevated in the hipA7 strain (8.9 × 10 −3 in hipA7 vs. 3.8 × 10 −4 in WT) ( Fig. 4A and Fig. S3A vs. Fig. 4B and Fig. S3B ). These results suggest that once activated, HipA promotes [(p)ppGpp] variation at a single cell level.
That HipA failed to induce persistence in a strain lacking the 10 TA modules encoding mRNases raised the possibility that (p)ppGpp was not produced when HipA was activated in this strain. To test this possibility we analyzed the fluorescence levels Fig. 2 . HipA-induced persistence depends specifically on RelA. (A) Accumulation of (p)ppGpp following ectopic expression of toxins. MG1655 carrying either hipA, relE, mazF, or yafO on pBAD33 was grown exponentially in low phosphate Mops minimal medium (Materials and Methods). Samples were collected before and after toxin gene induction (0.2% arabinose) and separated by TLC. Here, we present the quantification of (p)ppGpp level after toxin induction. A representative autoradiograph of the TLC plates is shown in Fig. S1A , and growth arrest after toxin induction was monitored by growth curve (Fig. S1C). (B) Exponentially growing cells of MG1655 (gray bars) and MG1655 ΔrelA (black bars) carrying either hipA, relE, mazF, or yafO on pBAD33 induced for 30 min were exposed to 2 μg/mL of ciprofloxacin (for details, see Materials and Methods). Percentage of survival after 4 h of antibiotic treatment was compared with that of the control strains carrying the pBAD33 vector plasmid (log scale). Error bars indicate the SDs of averages of at least three independent experiments. Fig. 3 . HipA-mediated persistence depends on Poly(P), Lon, and the other type II TA loci. Exponentially growing cells of MG1655 (gray bars) and isogenic deletion strains Δ10TA (black bars), Δ(ppk ppx) (white bars), and Δlon (dashed bars), overexpressing hipA, relE, mazF, or yafO from plasmid pBAD33, were exposed to 2 μg/mL of ciprofloxacin (for details, see Materials and Methods). Percentage of survival after 4 h of antibiotic treatment was compared with that of the control strains carrying the pBAD33 vector plasmid (log scale). Error bars indicate the SDs of averages of at least three independent experiments. of the rpoS::mcherry reporter in the Δ10TA strain and a Δ10TA harboring the hipA7 allele. However, introducing the hipA7 allele in the Δ10TA increases the frequency of (p)ppGpp ON cells by more than 16 times (4.52 × 10 −4 vs. 7.26 × 10 −3 ) ( Fig. 4C and Fig. S3C vs. Fig. 4D and Fig. S3D ). This increase is very similar to that observed when hipA7 was introduced in the WT strain, thus suggesting that HipA still enhanced (p)ppGpp synthesis in the absence of TA modules. In addition, the Δ10TA strain produced a frequency of (p)ppGpp ON cells similar to that of the WT strain , respectively) ( Fig. 4A and Fig. S3A vs. Fig. 4C and Fig. S3C) , showing that the stochastic variation of [(p)ppGpp] was entirely unaffected by deletion of the TA genes. To further substantiate that (p)ppGpp synthesis was not impaired in the Δ10TA strain, we measured the intracellular level of (p)ppGpp after HipA overproduction. As expected, we found that the level and the time needed to turn on (p)ppGpp synthesis in the Δ10TA strain was very similar to that of the WT strain (Fig. S3E,  lanes 5-8 vs. Fig. S1, lanes 5-8) . Taken together these results establish that activation of HipA influences the stochastic variation of (p)ppGpp at the single cell level independently of TA genes.
Increased Persistence by hipA7 Depends Stochastically on the (p)ppGpp-TA Pathway. We then tested directly if the high frequency of (p)ppGpp ON cells exhibited by the hipA7 strain was the basis for the increased persistence. To that end, exponentially growing cells of the hipA7 rpoS::mcherry strain were introduced in a microfluidic device and subjected to growth in rich medium over a period of 90 min. Interestingly, cells with a high level of RpoS-mCherry (indicating high [(p)ppGpp]) were not growing ( Fig. 5A and Movie S1). Next, we directly recorded the response of these dormant cells toward a high dose of the bacteriolytic antibiotic ampicillin. Remarkably, the cell with the highest level of RpoS-mCherry did not lyse even after 90 min of ampicillin treatment (Fig. 5B and Movie S2). Moreover, when ampicillin was removed, this cell elongated and gave rise to progeny cells after a latency period of ∼1 h (Fig. 5B and Movie S2). Similar analysis of 12 cells having the highest fluorescence level revealed that 100% of them were not lysed by ampicillin (Movie S3).
As described above, the high frequency of the RpoS-mCherry ON cells in the hipA7 strain was unaffected by deletion of the 10 mRNase-encoding TA modules (Fig. 4D and Fig. S3D ) even though the high persistence phenotype was eliminated (Fig. S2A ). These observations predicted that the (p)ppGpp ON cells produced by the hipA7 Δ10TA rpoS::mcherry strain should be ampicillin-sensitive. Indeed, we observed that such cells with a high level of RpoSmCherry were not growing ( Fig. 5C and Movie S4). However, and in stark contrast to hipA7 cells, hipA7 Δ10TA cells exhibiting the (p)ppGpp ON phenotype lysed upon ampicillin treatment ( Fig.  5D and Movie S5). Statistical analysis on 12 cells having the highest RpoS-mCherry level revealed that 11 of the 12 (91.6%) lysed upon ampicillin treatment (Movie S6). Taken together, these results indicate that, in single cells, HipA-mediated persistence depends on (p)ppGpp and the other TA modules of the cell.
Discussion
Previously, we established that (p)ppGpp controls persister cell formation by stochastically switching to a high level in single cells. The high (p)ppGpp level activated TA-encoded inhibitors of translation that, in turn, induced persistence (8) . We also unraveled the signaling pathway leading to TA activation (Fig. 1B) . The fact that ectopic production of HipA strongly stimulated (p)ppGpp synthesis ( Fig. 2A) and persistence (Fig. 2B ) therefore raised the possibility that the HipA-induced persistence would depend on the other TA genes of E. coli and on the pathway leading to their activation. Indeed, we found that ectopic production of HipA in the Δ10TA, Δlon, or Δ(ppk ppx) strains failed to increase persistence (Fig. 3) . We conclude that, surprisingly, HipA-induced persistence depends on polyphosphate, Lon, and the TA genes that encode mRNases. In contrast, ectopic production of mRNases (RelE, MazF, and YafO) induced persistence (Fig. 2B) without leading to accumulation of (p)ppGpp (Fig. 2A) . Thus, the molecular mechanisms by which HipA and the other type II toxins induce persistence are entirely different.
Our model predicted that hipBA contributes to persistence by increasing the (p)ppGpp level and activating TA-encoded mRNases in a subpopulation of cells of a growing population (Fig. 1B, right  part) . To test this inference, we used a strain producing a dramatically increased level of persisters because it carried the hipBA7 allele (14-16). Our analyses showed that indeed the hipA7 mutation conferred a dramatic increase in the frequency of cells having a high level of (p)ppGpp and that, consistent with our model, this frequency was unaffected by the deletion of the 10 mRNaseencoding TA loci (Fig. 4) . Crucially, our model predicted that WT cells with a high level of (p)ppGpp should be persisters, whereas cells lacking the 10 mRNase-encoding TA loci should predominantly be antibiotic-sensitive. We tested this important prediction by two independent approaches. First, at the population level, induction of HipA induced drug tolerance in WT but not in the multiple TA knockout strain (Fig. 3) . Second, careful accomplishment of time lapses of single cells showed that, surprisingly, cells that were in a nongrowing state due to a high level of (p)ppGpp were antibiotic-tolerant if they carried the mRNase-encoding TA modules but sensitive if they lacked the TA modules ( Fig. 5 and Movies S3 and S6). This is a unique and highly important observation because it has generally been assumed that slow growth (or dormancy) per se is sufficient to induce persistence (37, 38) . Results from cell fractions enriched for persisters obtained by cell sorting support the view that slow cell growth by itself does not ensure drug tolerance (39) .
The right part of Fig. 1B integrates our findings in the model we previously proposed to explain (p)ppGpp-controlled persister cell formation (8) and raises mechanistic issues important for a deeper understanding of the phenomenon. The vast majority of cells of a rapidly growing bacterial population have a low level of (p)ppGpp and are drug-sensitive. However, by stochastic variation in the enzymatic activities of RelA and/or SpoT, the (p)ppGpp level increases and induces persistence via Lon/Poly(P)-mediated activation of the mRNases. Because HipB is also degraded via the Lon/Poly(P) pathway, at least some cells will experience activation of HipA that, by inference, should lead to a further increase in (p)ppGpp levels. According to the model, such a positive feedback loop would lock the cells in the persistent state due to a stable high level of (p)ppGpp that would permanently activate TA-encoded mRNases. Obviously this is not what we observe because at least some cells, namely those surviving antibiotic treatment, are able to normalize the (p)ppGpp level, quench toxin activities, and resuscitate. Because activation of the mRNases does not induce (p)ppGpp synthesis (Fig. 1A and Fig.  S1A, lanes 9-20) , the problem of the return to a lower level of [(p)ppGpp] is particularly important for cells experiencing activation of HipA. These considerations suggest the existence of a mechanism that breaks the positive feedback loop mediated by HipA-stimulated (p)ppGpp synthesis. Remarkably, HipA inhibits its own kinase activity by intermolecular autophosphorylation of a serine residue close to the P loop required for ATP binding (24, 40, 41) and was proposed to function either in controlling the duration of the persistent state and/or in the resuscitation of persisters (40) . The latter suggestion is consistent with experimental and theoretical single-cell analysis establishing the existence of a threshold level above which HipA induces growth arrest (16) .
It has been proposed that (p)ppGpp-SpoT can be considered analogous to a TA pair. In this view, (p)ppGpp plays the role of a toxin that inhibits cell growth and induces persistence, whereas the hydrolytic activity of SpoT acts analogously to the antitoxin that degrades and inactivates the toxin (42) . These authors found that diauxic growth induced persistence in the carbon-source transition period, both during planktonic growth and in biofilm (43) . Interestingly, the increased persistence was dependent not only on (p)ppGpp but also on DksA. DksA binds to RNA polymerases and sensitizes it to (p)ppGpp and thereby either represses or activates initiation of transcription (34-36, 44, 45 ). Therefore, we tested if DksA was involved in HipA-mediated persistence. However, consistent with our model (Fig. 1B) , deletion of dksA did not reduce HipA-mediated persistence (Figs. S1 and S2A). One possible explanation may be that even though both diauxie and HipA-induced persistence depend on (p)ppGpp, DksA is required in the former case only. We are currently investigating this possibility.
Materials and Methods
Bacterial Strains and Plasmids. Bacterial strains and plasmids are described in SI Materials and Methods and listed in Table S1 . DNA oligonucleotides are listed in Table S2 .
Persistence Assay. Persistence was determined by measuring the number of colony-forming units (CFUs) per mL upon exposure to 1 μg/mL ciprofloxacin. Overnight cultures were diluted 100-fold in 10 mL of fresh LB medium and incubated for 2 h at 37°C with shaking (typically reaching ∼2 × 10 8 CFUs/mL).
Then aliquots of 5 mL were transferred to 28 × 114 mm Sarstedt conical polypropylene tubes, and the antibiotic was added. Tubes were placed in 45°i nclination with shaking at 37°C for 4 h. For determination of CFUs, 1 mL aliquots were removed and the cells harvested, resuspended in fresh medium, serially diluted, and plated on solid LB medium. Persisters were calculated as the surviving fraction, by dividing the number of CFUs/mL in the culture after 4 h of incubation with the antibiotic by the number of CFUs/mL in the culture before adding the antibiotic.
Toxin Overexpression and Persistence. To determine the number of persisters formed by cells expressing toxins (HipA, RelE, MazF, or YafO) from plasmid pBAD33, cells were grown in rich medium for 1.5 h (OD 600 ∼0.25) and toxin production was induced by addition of 0.2% of arabinose for 30 min. Then 0.2% of glucose was added to repress the pBAD promoter. Aliquots were subjected to 2 μg/mL ciprofloxacin antibiotic, and persister cell formation was determined as described above, except that the cells were plated on solid medium containing 0.2% glucose (without antibiotics).
In Vivo (p)ppGpp Measurement. To determine the (p)ppGpp content formed by cells expressing TA-encoded toxins using pBbS2k as the vector plasmid, overnight cultures were diluted 100-fold in 10 mL of Mops glucose minimal medium supplemented with all amino acid as previously described (46) and incubated at 37°C with shaking. At OD 600 0.05, cells were labeled with H 3 32 PO 4 , (100 μCi/mL). After 2-3 generations (OD 600 0.2-0.3), 50 ng/mL anhydrous tetracycline (aTc) was added to induce toxins. Samples were withdrawn 0, 10, 30, and 60 min after addition of aTc. Reactions were stopped by the addition of 10 μL of 2 M formic acid. Aliquots (10 μL) of each reaction were loaded and separated on PEI Cellulose TLC plates (purchased from GE Healthcare). Plates were revealed by PhosphoImaging (GE Healthcare) and analyzed using ImageQuant software (GE Healthcare).
Microscopy. For phase contrast and fluorescence microscopy, cells were grown in LB to midexponential phase at 37°C, centrifuged, resuspended in 10× diluted LB in M9 medium, and mounted on prewarmed microscope slides covered with a thin film of 1.2% (wt/vol) agarose (in a 10× diluted LB in M9 medium). Images were acquired with a Cool-Snap HQ CCD camera (Roper Scientific) attached to a Nikon Eclipse Ti-U microscope. The images were acquired and analyzed with Metamorph 6. Final image preparation was performed in ImageJ.
Microfluidic Assay and Device. Cells were grown in LB to midexponential phase at 37°C, centrifuged, resuspended in a 10× diluted LB in M9 medium, and mounted on a prewarmed agarose-based microfludic device as previously described (8) (for more information, see SI Materials and Methods).
The microfluidic device was assembled in a heating chamber (37°C) attached to the microscope. Medium (M9 medium supplemented with a 10 fold diluted LB with or without 500 μg/mL of ampicillin) perfusion was accomplished by gravity at a constant rate of ∼5-10 μL/s. During medium transition, medium was injected manually by supplying 2× the volume of the chamber with a 2 mL syringe to minimize the time required for the drug (i.e., ampicillin) to reach the cells. For details, see SI Materials and Methods.
